SS and NSS subjects were found regarding SC thickness, water, and NMF content, yet a trend towards lower ceramides/ fatty acids was observed in the cheek. Compared to AD subjects, the SS group showed higher ceramides/fatty acid content in the forearm, whereas no differences emerged with AR. The correlation of macroscopic biophysical techniques and CRS was weak, yet CRS confirmed the well-known lower content of NMF and water, and thinner SC in subjects with filaggrin mutations. Conclusion: The skin barrier in SS is not impaired in terms of SC thickness, water, NMF, and ceramides/fatty acid content. The failure of biophysical techniques to follow alterations in the molecular composition of the skin barrier revealed by CRS emphasizes a strong need in sensitive and specific tools for in vivo skin barrier analysis.
(SC) [1] . The cells of the SC are the result of epidermal differentiation, a gradual maturation process of the basal keratinocytes ascending to the cornified layer of the squamous epithelium, functioning as corneocytes [1] [2] [3] [4] . Next to a tough and resilient organization of the flattened corneocytes, the envelope of proteins and lipids surrounding each corneocyte also plays a crucial role in preventing the penetration and diffusion of foreign substances through the skin and loss of internal water. The currently accepted model of the SC, although subject to change [5] [6] [7] , also contains the intercellular lipid lamellae, a product originating from the lamellar bodies of the stratum granulosum, and consisting of ceramides, fatty acids, and cholesterol. Located between the corneocytes, it contributes to the overall skin barrier function [3, [8] [9] [10] [11] [12] . Furthermore, water-soluble intracorneocyte substances, collectively known as natural moisturizing factor (NMF), contribute to the overall skin barrier function by binding water and limiting water loss from the skin [1] . Impairment of the skin barrier may result in the penetration of allergens and pathogens that contribute to skin diseases, such as atopic dermatitis (AD), and allergic and irritant contact dermatitis.
Sensitive skin (SS) is a condition characterized by the perception of skin discomfort following mild stimuli, frequently without objective signs of skin irritation [13] [14] [15] [16] [17] [18] . This skin condition has been shown to be highly prevalent in the Western World but, despite extensive research in the past years, no consensus on its definition and pathomechanisms has been reached [19] . Impaired skin barrier function has been suggested to underlie SS [13, 20, 21] , leading to proposals of an association of SS with atopic conditions [22] [23] [24] . The assessment of the skin barrier is traditionally performed by means of transepidermal water loss (TEWL), which involves indirect macroscopic biophysical techniques. The hydration of the SC, indirectly measured based on capacitance, has also been proposed to be lower in the facial areas of SS subjects [25] and of subjects perceiving stinging responses following application of lactic acid on the nasolabial folds [20] . However, other studies, also using macroscopic biophysical techniques, did not find such differences between the SS and a non-SS (NSS) group [14, 18, 20, 26, 27] . This inconsistency between outcomes could on one hand be due to the fact that subjects were included in tests using different criteria, since a definition of SS is still lacking. It might also be possible that indirect assessments of barrier function and hydration by means of TEWL and capacitance lacks sensitivity and specificity if barrier function impairment in SS is only subtle.
Over recent years, confocal Raman microspectroscopy (CRS) has emerged as a powerful tool for the direct and non-invasive assessment of the molecular components of the skin, also at a high spatial and temporal resolution. CRS is an optical technique based on the principle of inelastic (Raman) scattering: when a monochromatic laser beam is focused in the skin, incident photons interact with the vibrational levels of the molecules, transferring to them a part of their energy. The exact amount of energy required to excite a vibrational mode is dependent on the masses of the atoms involved in the vibration and on the chemical bonds between them. The resulting Raman spectra are thus molecule-specific and contain detailed information on their type and amounts [28] . In addition, by using the principle of confocal detection, only the light scattered from the laser focus is detected, providing spatially resolved information, which approaches a subcellular resolution [29] . Raman spectroscopy has already established a strong position in non-invasive skin analysis for many applications, ranging from the detection of non-melanoma skin cancer [30] to evaluation of skin barrier composition in AD [31, 32] . As CRS is able to detect differences at the molecular level and at a high spatial resolution, it could provide a breakthrough in the evaluation of barrier function involvement in SS, which so far is not possible with macroscopic biophysical techniques [33] .
The primary objective of this study was to evaluate the SC molecular composition using CRS in subjects with SS and to compare the results with those measured on people with NSS, AD, and allergic rhinoconjunctivitis (AR). The underlying hypothesis was that the mechanism of SS could be based on aberrant properties of the SC and could share interface with atopic conditions. The second objective was to perform a comparative study of the penetration kinetics of a solution of glycerol (1%) in water in SS and NSS subjects in order to establish whether a faster penetration of topicals due to an impaired skin barrier might occur in SS. Glycerol is a widely used humectant in dermatologic and cosmetic formulations [34] . In this study, it was chosen as a model for substance penetration for its low toxicity, its known diffusivity in the SC allowing measurement with CRS, its hydrophilic nature, and its undisruptive effect on the intercellular lipid lamellae [34] . The penetration of a lipophilic substance might be heavily influenced by its affinity with the lipid compartment of the skin barrier, which is possibly different between SS and NSS. Meanwhile, the lack of a disruptive effect on the intercellular lipid lamellae implies that differing penetration kinetics of glycerol could be attributed to the properties of the skin barrier rather than on an active effect of glycerol on the barrier. The knowledge gained should be of high value for clinicians and the cosmetic and pharmaceutical industry involved in developing solutions for individuals with SS.
Methods

Subject Selection
The inclusion criteria for this study were an age between 18 and 65 years and skin type II or III (Fitzpatrick scale). Subjects could not use immunosuppressive drugs during the study period. Starting from 2 days before the test, subjects were advised not to use toiletries (e.g. personal care and cosmetic products) in the areas to be investigated and not to excessively expose these areas to sunlight or use artificial tanning methods. Four groups of subjects were included. Subjects with SS and subjects with NSS were selected based on a perception-based questionnaire, as previously described in detail [21, 35, 36] . Briefly, potential participants filled in questions on self-assessed skin sensitivity and on skin perceptions (i.e. discomfort, stinging, redness, dryness) following exogenous and endogenous triggers (i.e. toiletries, shaving, heat, cold, clothes, emotions). The severity of reactions to each trigger and the corresponding duration were scored on a visual analogue scale and on an ordinal scale (no reaction, seconds, minutes, less than 1 h, hours, days), respectively. The scores of each trigger were summed, and the final score was compared to an upper and lower quartile determined in advance by distributing the questionnaire in a large study cohort [37] . If the final score was above the upper quartile and the subject reported SS, he/she was included in the group with SS. If the final score was below the lower quartile and the subject reported NSS, he/she was included in the group with NSS. In addition, subjects in both the SS and NSS groups did not have a specific history of skin diseases, AD, or other concomitant diseases, including asthma and AR in particular. The other 2 groups included in the study were subjects with AR using oral histamine antagonists when experiencing symptoms and not having a history of asthma, urticaria, AD or other (skin) diseases, and subjects with moderate to severe AD (3-item severity score, TIS ≥ 3) without a history of asthma, urticaria, AR or other (skin) diseases, currently using no therapy or using solely topical corticosteroids. Subjects with AR and AD did not fill in the full-length questionnaire, but were asked if they perceived their skin as sensitive or non-sensitive. The study was conducted in accordance with the Declaration of Helsinki principles and was approved by the local ethics committee. Experiments were performed at the department of Dermatology of the Radboud University Medical Center in Nijmegen, The Netherlands, between January and March 2015.
Instrumentation
Three body sites were measured: (i) the mid-ventral forearm, (ii) the lateral side of the thenar eminence of the arm, and (iii) the malar eminence of the right cheek on the 90-degree angle crosspoint of the ala of the nose and the lateral canthus of the eye. Forearm and thenar measurements were performed in the non-dominant arm (online suppl. Fig. 1 ; for all online suppl. material, see www. karger.com/doi/10.1159/000452152). AD subjects did not have active lesions on these body sites. Subjects were acclimatized for 20 min in a temperature-and relative humidity-controlled room (temperature 21 ± 1 ° C, relative humidity 50 ± 10%).
In vivo CRS measurements were performed using the gen2-SCA performance model of RiverD International B.V. (Rotterdam, The Netherlands). The device has an axial resolution of 5 μm and is equipped with a 785-nm laser source for measurements in the 400-1,800 cm -1 spectral region (NMF, ceramides and glycerol) and a 671-nm laser source for measurements in the 2,400-4,000 cm -1 spectral region (water). The laser power complies with the maximum permissible levels for skin as defined by the international laser safety standard (IEC 60285-1: 2007; <30 mW for 785 nm, and <20 mW for 671 nm). In the 400-1,800 cm -1 region, spectra of the cheek and forearm were acquired at 4-μm increments in the axial direction up to a depth of 28 μm using a 5-s acquisition time per point, whereas the thenar spectra were acquired at 15-μm steps up to a depth of 180 μm using a 5-s acquisition time until 100 μm and a 7-s acquisition time until 180 μm. In the 2,400-4,000 cm -1 region, spectra of the cheek and forearm were acquired at 4-μm increments up to a depth of 40 μm using a 2-s acquisition time per point, whereas spectra of the thenar were acquired at 15-μm steps up to a depth of 180 μm for 2 s until 100 μm and for 5 s until 180 μm. Ten measurements per body site were performed in each spectral region.
The macroscopic biophysical techniques employed included: (i) capacitance for the indirect measurement of SC hydration (Corneometer CM825; Courage+Khazaka); (ii) TEWL for the indirect assessment of the skin barrier (Aquaflux AF200; Biox), and (iii) a sebumeter for the indirect measurement of the sebum level at the skin surface (Sebumeter SM815, Courage+Khazaka). Three measurements per body site were performed, except for the SC hydration of the cheek, which was measured 5 times. The sebum measurements were performed on the side contralateral to that used during CRS and were not performed on the thenar.
Penetration Kinetics of Glycerol
A total of 200 μl of a 1% solution of glycerol in demineralized water was applied to the non-dominant volar forearm during 1 min, with a 13-mm-diameter plastic ring used to prevent the spreading of the substance over the skin surface. The solution was wiped off using a tissue afterwards. Measurements in the 400-1,800 cm -1 spectral region were performed every 60 s during the subsequent 15 min using axial steps of 4 μm, up to a depth of 28 μm.
Calculation of Parameters from CRS Measurements
Concentration profiles of SC molecular components relative to keratin were obtained using SkinTools 2.0 software (RiverD International B.V.) using a previously reported fitting algorithm [28] . Briefly, the algorithm consists of a least square fitting of the Raman spectra obtained in vivo to a library of Raman spectra of SC molecular components obtained in vitro, resulting in a set of fit coefficients for the SC constituent spectra. The fit coefficients are subsequently normalized to the fit coefficient for the keratin spectrum in order to compensate for the loss of signal intensity for increasing skin depths [28] . For the measurement of concentration profiles of glycerol, the Raman spectrum of the 1% glycerol solution in water was obtained in vitro and subsequently added to the library of Raman spectra. Obvious outliers in the concentration profiles (due for example to presence of cosmic rays or high background fluorescence in the corresponding Raman spectra) were removed. The average thickness of the SC was calculated from the water concentration profiles using an implementation in Matlab (The Mathworks, Natick, MA, USA) of the method of Bielfeldt et al. [38] , in which the SC thickness was defined as the intercept of 2 straight lines delineating the boundary between the SC and the epidermis. The average water content in the SC was expressed as the area under the curve (AUC) of the water profiles from a 4-μm depth to the SC thickness for the cheek and forearm, and from a 10-μm depth to the SC thickness in the thenar. The average levels of ceramides/fatty acids (treated in SkinTools as a single variable, "ceramides") and of NMF between a depth of 4 and 12 μm for the forearm, 4 and 8 μm for the cheek, and 10 and 50 μm for the thenar were calculated from the corresponding average concentration profiles. These intervals were chosen in order to avoid influences from skin surface contamination (e.g. sebum) and from washout/ desquamation effects at the skin surface, as well as to avoid Raman signals from the viable epidermis [39] . The presence of filaggrin (FLG) mutations was established according to the method of O'Regan et al. [32] , in which the cut-off point of 1.07 AU used for FLG mutations (either FLG -/-or FLG +/-) versus no FLG mutation (FLG +/+ ) was derived from the mean NMF level between 30 and 50 μm measured on the thenar. The presence of exogenous glycerol after topical application was verified by calculating the difference spectrum, obtained by subtraction of the average Raman spectrum where the glycerol signal was not detectable from the average Raman spectrum where glycerol was detected using SkinTools 2.0 software. If the peaks of the Raman spectrum of glycerol were clearly visible in the difference spectrum, the presence of exogenous glycerol was confirmed. If some peaks were missing or were not convincingly above the noise level, the presence of exogenous glycerol was not confirmed.
Statistical Analysis
The results are presented as number (percentage) or as median (minimum-maximum). Differences between the groups (SS, NSS, AR, and AD) were analyzed using the Mann-Whitney exact test for non-parametric independent values. Correlations were investigated using the Spearman ρ. Statistical analyses were performed with SPSS Statistics (v.20, IBM SPSS Inc., Chicago, IL, USA). A p value ≤ 0.05 was considered statistically significant. Missing values were excluded from the analyses. No corrections for multiple comparisons were applied. 
Results
Group Characteristics
In total, 29 subjects were included in the SS group, 30 in the NSS group, 27 in the AR group, and 11 in the AD group. The group characteristics are presented in Table 1 . There were no significant differences with respect to age, gender, Fitzpatrick skin type and presence of FLG mutations between the groups. Self-assessed facial and body skin differed between the SS and NSS subjects, with the former reporting more frequently dry or combined (concomitant presence of dry and oily parts) skin, and the latter more frequently reporting normal skin ( p = 0.007 and p = 0.000, respectively). Self-assessed SS was reported by two-thirds of AR subjects and by all AD subjects. The measurements of 4 subjects in the volar forearm, of 1 subject in the cheek, and of 2 subjects in the thenar were excluded because of artefacts found in the Raman spectra most probably caused by exogenous agents on the skin. No further difference between the groups was found with respect to TEWL measured on the cheek and with respect to SC hydration (based on the capacitance measurement) and sebum level measured on either body site.
Macroscopic Biophysical Measurements
Molecular Composition Measured by CRS
The average concentration profiles of water, NMF, and ceramides in the forearm and cheek for all groups are shown in Figure 1 . The SC thickness, SC water content, and average NMF and ceramides levels in the forearm, cheek, and thenar are reported in Tables 2-4 . The numerical values of water, NMF, and ceramides at each depth and body site can be found in the online supplementary Tables S1-S3. No significant differences in SC thickness and SC water content were found between the groups at either body site.
With respect to the average NMF at 4-12 μm measured on the forearm, no significant differences emerged between the groups, yet it is possible to observe a trend towards lower levels in the AD subjects compared to the other subjects ( Fig. 1 ) . Similarly, in the cheek, AD subjects showed a trend towards a lower average NMF at 4-8 μm compared to NSS subjects ( p = 0.091). AR subjects tended to have higher average NMF in the thenar at 10-50 μm compared to NSS subjects ( p = 0.076).
With respect to the average ceramides/fatty acids at 4-12 μm measured on the forearm, SS subjects showed higher levels compared to AD subjects ( p = 0.007), whereas no differences emerged between the other groups. In the cheek SS subjects tended to have lower average ceramides at 4-8 μm compared to NSS subjects, yet these values were again higher than in subjects with AD ( p = 0.097). This trend was more pronounced at the skin surface ( Fig. 1 ) . Ceramides were not detectable in the thenar.
Presence of FLG Mutations
In total, 10 subjects were found to be carriers of FLG mutations (either FLG -/-or FLG +/-; Table 1 ). Differences between subjects with FLG -/-or FLG +/-and subjects with FLG +/+ were present in the forearm, with the former having lower NMF levels ( p = 0.017) and a trend towards lower water content and thinner SC ( p = 0.071 and p = 0.058, respectively). Similarly, in the thenar, subjects with FLG -/-or FLG +/-had lower NMF levels, lower water content, and thinner SC ( p = 0.000) compared to subjects with FLG +/+ . The results found in the cheek are consistent with these findings, albeit no significant differences were present. The numerical results can be found in online supplementary Table S4 .
Correlations between Macroscopic Biophysical Measurements and CRS
A moderate to weak negative correlation was found between TEWL and NMF levels in the forearm (ρ = -0.220, p = 0.034, n = 93), in the cheek (ρ = -0.408, p = 0.000, n = 96), and in the thenar (ρ = -0.208, p = 0.044, n = 95). In the thenar, TEWL was also weakly correlated with SC water content (ρ = 0.207, p = 0.044, n = 95) and with SC thickness (ρ = 0.202, p = 0.050, n = 95). Of note, the weak correlation with SC water content remained when controlling for the corresponding SC thickness. No further correlations were found between TEWL and SC water content, SC thickness or ceramides levels measured on the forearm and cheek.
Skin hydration measured with capacitance was not found to correlate with SC water content in either the forearm, cheek or thenar. On the other hand, in the forearm capacitance correlated weakly with water content in the middle part of the SC (4-12 μm) and with the water In the cheek, capacitance weakly correlated only with the NMF levels (ρ = 0.223, p = 0.029, n = 96).
Penetration Kinetics of Glycerol
Evidence for the presence of exogenous glycerol was visible only at the skin surface (0-4 μm) and in the first 3 min following application, as verified by the spectra differences shown in Figure 2 . Measured levels of glycerol on subjects with NSS and SS are reported in Table 5 . NSS subjects showed consistently higher values of glycerol than subjects with SS, reaching statistical significance at 1 min after application ( p = 0.030). In both groups, glycerol levels declined slightly from the first to the third minute after application. Baseline levels of endogenous glycerol measured at the skin surface (0-4 μm) were not different between SS and NSS subjects and, in both groups, were significantly lower than the levels measured in the first 3 min after topical glycerol application ( p < 0.008). ; a ). The difference of the Raman spectrum obtained by subtraction of the Raman spectra where glycerol was not detectable from the Raman spectra, and where glycerol was detectable at 1 ( b ), 2 ( c ), and 3 min ( d ) after topical glycerol application. The Raman spectrum of glycerol (light green; colours refer to the online version only) is superimposed for clarity. 
Discussion
The main objective of this study was to investigate whether the barrier function is aberrant in SS by directly measuring the molecular composition of the SC by means of CRS. A comparison with the molecular composition of the SC of subjects with NSS, AD, and AR was made, together with the indirect assessment of the skin barrier by means of TEWL and capacitance.
In line with the literature, SS subjects in this study also more frequently reported dry facial and body skin compared to those with NSS. However, we did not find strong evidence to support a hypothesis of impaired skin barrier in SS in terms of SC water and NMF levels in either the forearm, cheek or thenar. SC thickness was also not different between the groups, which is in line with our previous findings [21] .
It is interesting, however, that ceramides/fatty acids showed a trend towards lower levels in the cheek of SS subjects compared to the NSS group, whereas non-significant higher values were found in the forearm. Several studies that have suggested the role of an impaired skin barrier function in SS [13, 20, 21] have in particular demonstrated lower ceramides in the facial skin of subjects with SS [27] . This hypothesis concerning a weaker SC barrier is also supported by previous clinical studies performed by our group, in which the same perceptionbased questionnaire was used to select volunteers with SS and NSS [21, 36] . In those clinical studies, the SC of subjects with SS was shown to be more vulnerable to chemical and mechanical stimuli than the SC of subjects with NSS, suggesting an impaired barrier.
Additional mechanisms to those investigated in this study might thus play a major role in the barrier function impairment in SS, including reduced intercorneocyte adhesion, different organization of lipids in the intercellular lamellae, and increased inflammatory reactions and an altered number of mast cells in response to a range of stimuli, as previously reported by our group [21, 34, 35] . In addition to barrier function impairment via alterations in the molecular balance of NMF, ceramides, and water, an involvement of the family of transient receptor potential (TRP) channels has been hypothesized to play a role in SS [40] . TRP channels are sensory receptors activated by a variety of external stimuli and known to mediate a range of skin sensations, including pain, itch, and burning feeling. Increased levels or an upregulated sensitivity of these receptors might account for the previously reported increased perception of SS to a variety of stimuli [21, 35, 36] . Thus, one could also speculate that the more frequent self-reported perception of skin dryness in SS subjects might be primarily mediated by these receptors, because of the lack of significant differences in SC water content and NMF levels in SS compared to NSS subjects demonstrated here.
The possible association of SS with atopic conditions, as proposed previously [22] [23] [24] , remains less clear. We did detect lower NMF and water levels and thinner SC in subjects with FLG mutations, which is well documented in the literature [31, 32] , albeit indirectly using CRS and in a small populations. However, despite frequently reporting SS, in line with previous findings [37] , no differences emerged between the AR and NSS and SS subjects, at least with respect to the inspected parameters. This could be partially due to the overlap in the characteristics of subjects in the groups with respect to skin sensitivity and symptoms, making it difficult to obtain distinct groups since AD and AR subjects frequently report SS [37] . Despite this difficulty, differentiating between subjects with atopy and subjects without atopy is important, since SS cannot solely be explained by having this condition [19] . In fact, higher ceramides/fatty acid levels found in the forearm of SS subjects compared to AD, together with the observation that FLG mutations do not seem to be reported more frequently in the SS compared to the NSS group, do not support the hypothesis of SS being a subclinical form of AD [40] . This is also supported by the lack of association between SS and the dysbiosis of the cutaneous microbiota found in a previous study, in contrast with AD, known to be characterized by an overabundance of Staphylococcus aureus [40, 41] . Yet, should the TRP re- ceptor family be involved in underlying SS sensations, this could suggest at least 1 common interface with AD where these receptors were shown to mediate sensory discomfort and inflammation, at least in a murine model [40, [42] [43] [44] .
In our previous clinical studies we showed a reduced number of mast cells and a reduced number of tapes required to strip off the total SC in the lower back of SS compared to NSS subjects [21, 35, 36] . It could be tempting to speculate that the stronger expression of ceramides in the forearm of SS subjects might be due to a compensating mechanism of the primary defect in activation of the innate immune system or impaired intercorneocyte adhesion [21, 35, 36, 45] . This hypothesis might not be valid for the cheek, which is characterized by a higher number of mast cells compared to other body sites, and thus does not need a compensatory mechanism [46] .
Despite the different results on ceramides levels between the forearm and cheek, we are of the opinion that the response of SS is rather universal. Farage [47] evaluated answers to determine whether people claiming SS in general also claimed to have SS at specific body sites. Most responses of descriptions of facial and body skin were consistent with the perception of SS in general (60.7 and 68.4% of responders, respectively) or varied by 1 degree out of 4 with respect to severity (36.7 and 31.3% of responders, respectively). Our previous findings also support the hypothesis of a generalized SS based on possible altered immune responses in SS [21] .
The second objective of this study was to investigate whether topicals penetrate faster through the skin of subjects with SS compared to subjects with NSS as a result of possible barrier function impairment. We found consistently higher levels of glycerol in the superficial layers of the SC of NSS subjects compared to SS subjects in the first 3 min after application. This might imply a faster spreading of glycerol on the superficial skin of SS subjects because of barrier function impairment. Our results clearly demonstrate that CRS has the potential to detect differences in such assessments provided that a sufficiently longer application time is chosen for the exogenous substance to be applied [48] .
As a final remark, we confirm the difficulty of finding correspondences between the measurements performed with the macroscopic biophysical methods, TEWL, and capacitance, and the molecular composition of the SC measured with CRS, as demonstrated by the lack of correlations thereof found in this study. In previous studies, the skin barrier function of SS subjects was predominantly analyzed at baseline or after stimulation using these macroscopic biophysical methods and significant differences between SS and NSS subjects could rarely be detected [13, 14, 16, 18, 20, 26, 49, 50] . A range of limitations of these easy-to-use, rapid measurements are known [33] , and our study demonstrates that more sensitive and specific tools for the in vivo analysis of the skin barrier in general and in SS in particular are needed.
In conclusion, we propose that SS is not a subclinical form of AD and that the skin barrier is not impaired in terms of SC thickness and in terms of water, NMF, and ceramides content. Treatments of SS solely based on hydration and ceramides supplementation seem not to correspond to the identified SC properties, although benefits have been reported. More research efforts should be directed at unravelling the role of the cutaneous nervous system, in particular the involvement of TRP channels, on the onset of subjective perceptions of sensitive and dry skin. Among other mechanisms to be investigated in SS, we would include the role of an altered immune response and intercorneocyte adhesion.
